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Experiments in atomic, molecular, and optical (AMO) physics rely on lasers at many different wave-
lengths and with varying requirements on spectral linewidth, power, and intensity stability. Vertical
external-cavity surface-emitting lasers (VECSELs), when combined with nonlinear frequency conversion,
can potentially replace many of the laser systems currently in use. Here we present and characterize VEC-
SEL systems that can perform all laser-based tasks for quantum information processing experiments with
trapped magnesium ions. For photoionization of neutral magnesium, 570.6 nm light is generated with
an intracavity frequency-doubled VECSEL containing a lithium triborate (LBO) crystal for second har-
monic generation. External frequency doubling produces 285.3 nm light for resonant interaction with the
1S0 ↔
1P1 transition of neutral Mg. Using an externally frequency-quadrupled VECSEL, we implement
Doppler cooling of 25Mg+ on the 279.6 nm 2S1/2 ↔
2P3/2 cycling transition, repumping on the 280.4 nm
2S1/2 ↔
2P1/2 transition, coherent state manipulation, and resolved sideband cooling close to the mo-
tional ground state. Our systems serve as prototypes for applications in AMO requiring single-frequency,
power-scalable laser sources at multiple wavelengths.
OCIS codes: (140.5960) Semiconductor lasers; (140.3515) Lasers, frequency doubled; (020.3320) Laser cooling; (270.5585) Quan-
tum information and processing; (300.6320) Spectroscopy, high resolution; (300.6350) Spectroscopy, ionization; (300.6520) Spec-
troscopy, trapped ion;
http://dx.doi.org/10.1364/ao.XX.XXXXXX
1. INTRODUCTION
Trapped ions provide a versatile experimental platform for re-
search in quantum information processing [1–4], quantum sim-
ulation [5–8], and precision metrology [9, 10]. Singly-ionized
magnesium has several desirable properties for ion trapping ex-
periments. It has a cycling transition, which implies that only
a single laser is required for Doppler cooling. High motional
frequencies can be achieved with relatively low trap drive volt-
age due to the low atomic mass. The isotope 25Mg+, with nu-
clear spin I = 5/2, has a series of intermediate magnetic field,
hyperfine "clock" qubits which are, to first order, insensitive to
magnetic field fluctuations. The ∼ 1.7GHz hyperfine splitting
of these qubits facilitates manipulation with readily available,
commercial microwave electronics [11]. Magnesium ions have
been used in experiments such as the one of the earliest demon-
strations of laser cooling [12] and microwave-driven two-qubit
quantum logic gates [11]. However, generating the necessary
Fig. 1. Energy levels of a) neutral magnesium relevant for pho-
toionization and b) 25Mg+ relevant for Doppler cooling, re-
pumping and stimulated-Raman transitions.
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high-power UV light presents a number of technical challenges.
For Mg+ ion trapping applications, resonant two-photon
ionization is generally used instead of direct excitation to the
continuum at 7.646 eV (162.6 nm) [13]. As shown in Figure 1a,
the photoionization (PI) laser, on resonance with the 3s 1S0 ↔
3p 1P1 transition of neutral magnesium at 285.2 nm, excites the
atom. Photons from the PI laser or from another laser near
280 nm (for Doppler cooling Mg+ ions) then have sufficient
energy to ionize the atom. The energy levels employed for
Doppler cooling, repumping and quantum state manipulation
are shown in Figure 1b. The 3s 2S1/2 ↔ 3p
2P3/2 transition
provides a cycling transition for Doppler cooling and state de-
tection. For quantum information experiments with 25Mg+,
pairs of appropriate Zeeman sublevels in the 3s 2S1/2 |F = 3〉
and 3p 2S1/2 |F = 2〉 manifolds can serve as qubits. Coherent
qubit manipulation can be achieved with stimulated-Raman
transitions, where the frequency difference between two Ra-
man laser beams is set close to the qubit frequency (Figure
1b). Stimulated-Raman transitions allow coupling of internal
degrees of freedom of the ions with their motional degrees of
freedom [1] which is essential for implementing quantum logic
gates and sub-Doppler cooling. Resolved sideband cooling can
be used to cool trapped ions close to the motional ground state
[1]. Preparation of a quantum system in a specific motional
state with high probability is required for many quantum in-
formation experiments and for trapped-ion atomic clocks [9].
During resolved sideband cooling, it is necessary to repump the
ion back to the initial hyperfine state. This can be accomplished
efficiently using a laser resonant with the 3p 2S1/2 ↔ 3p
2P1/2
transition.
Magnesium ion trapping experiments have been per-
formed traditionally with frequency-doubled, traveling-wave
dye lasers. More recently, frequency-quadrupled ytterbium
fiber lasers [14, 15] have been used to generate the light for
Doppler cooling and qubit manipulation. However, these fiber
lasers operate near the long wavelength edge of the amplifica-
tion curve; thus they are typically limited to about 2W in the
infrared (IR) at 1118 nm. To the best of our knowledge, com-
mercial fiber laser systems are not currently available that can
reach either 1120 nm for repumping on the 2S1/2 ↔
2P1/2 tran-
sition or 1141 nm for photoionization. Frequency-quadrupled
diode laser systems are available that cover all required wave-
lengths for magnesium ion experiments [16]. These systems are
currently limited to about 2W of IR power if a tapered ampli-
fier is used to amplify the diode seed laser. To achieve higher
power, amplification of a single-frequency seed laser can be
accomplished with a Raman fiber amplifier [17]. High-power,
widely tunable optical parametric oscillator (OPO) systems are
also available, but require a single-frequency pump source.
Here we demonstrate a laser system for magnesium ion
trapping experiments based on vertical external-cavity surface-
emitting laser (VECSEL) technology. VECSELs exhibit many
desirable properties for applications in high-precision spec-
troscopy [18]. The gain material can be designed for emis-
sion over a broad range of wavelengths with demonstrations
at 390 nm in the ultraviolet, and at multiple wavelengths from
674 nm in the visible to 5 µm in the infrared [19]. The VEC-
SEL geometry allows single-frequency emission with close to
diffraction-limited output beam quality and a tuning range of
tens of nanometers. External or intracavity harmonic genera-
tion extends the attainable wavelength range further into the ul-
traviolet. The VECSEL architecture is intrinsically amenable to
power scaling. Single-frequency VECSELs with output powers
Fig. 2. Externally quadrupled, I-cavity VECSEL system (IC
system) used for Doppler cooling, repumping and perform-
ing stimulated-Raman transitions. PZT Piezo transducer, OC
Output coupler, BRF Birefringent filter
Fig. 3. V-cavity, intracavity frequency-doubled system (VC sys-
tem) for photoionization. LBO lithium triborate, SHG second
harmonic generation
of up to 23.6W in the near IR have been reported [20]. Recently,
a 0.56W, 229 nm source, from the fourth harmonic of a 916 nm
VECSEL, has been developed [21]. VECSEL systems with exter-
nal harmonic generation have been used to perform Doppler-
free spectroscopy of neutral mercury [22] and neutral rubidium
[23]. Our systems consist of two laser designs. The first is an
externally frequency-quadrupled VECSEL capable of generat-
ing 3.0± 0.1W output power at 1117 nm which can be wave-
length tuned for either laser cooling, repumping or stimulated-
Raman transitions of Mg+ ions. The second system, used for
photoionization, is an intracavity frequency-doubled VECSEL
emitting at up to 2.4± 0.1W (total power in two output beams)
at 571 nm and externally doubled to 285 nm. Both systems use
commercial multi-mode diode lasers as pump sources.
2. LASER SETUP AND CHARACTERIZATION
The externally frequency-quadrupled, I-cavity VECSEL (IC sys-
tem) is shown in Figure 2. The bottom-emitting semicon-
ductor gain chip, consisting of GaInAs/GaAs quantum wells
strain compensated by GaAsP layers [24], is mounted on a di-
amond heat spreader. A thermoelectric cooler (TEC) module
is clamped between the gain chip mount and a water-cooled
micro-channel cooler for thermal management and tempera-
ture control. The 12.5 cm-long resonator has an I geometry
consisting of the gain mirror and a 200mm radius of curva-
ture (ROC), 1.5% output coupler. The end mirror is glued to
a ring piezo-electric transducer (PZT) for controlling the cav-
ity length. The gain chip is pumped with an 807 nm multi-
mode laser diode. The 1/e2 intensity pump spot diameter on
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Fig. 4. Relative intensity noise spectrum at 280 nm. The noise
floor is the spectrum obtained with the laser blocked, all other
experimental parameters the same.
the gain chip is roughly 400 µm. A 3mm-thick quartz bire-
fringent filter (BRF) plate, inserted at Brewster’s angle, and a
1mm-thick yttrium aluminium garnet (YAG) etalon are placed
in the cavity to ensure single mode operation and to provide
wavelength selection. The etalon is positioned in a temperature
controlled oven for frequency stability and wavelength tuning.
The VECSEL is contained in an insulated enclosure for acous-
tic and thermal isolation. With this system design we have
achieved 3.1± 0.1W of IR power at 1117 nm with 21± 1W of
807 nm pump power (slope efficiency of 19± 1%). Light from
the laser propagates through an optical isolator to prevent back
reflection and is coupled into a commercial fiber-coupled quasi-
phase matched lithium niobate waveguide doubler. We oper-
ate the doubler at second harmonic (SH) powers below 300mW
to avoid potential damage to the waveguide. We obtain over-
all conversion of 1118 nm to 559 nm of 22± 2% (including fiber
coupling losses). SH light is coupled into a build-up cavity con-
taining a β-barium borate (BBO) crystal for frequency doubling
to 280 nm. Details of the cavity design are given by Wilson et al.
[25]. With 1160± 40mW in the IR, resulting in 260± 10mW SH
power, we generate 23± 2mW in the UV with a visible to UV
conversion efficiency of 9± 1%.
The laser linewidth in the UV must be much narrower than
the width of the relevant atomic transitions (typically tens of
MHz) to be of use for precision spectroscopy or Doppler cool-
ing. In addition, resonant doublers for generating UV light will
convert laser frequency noise into intensity noise, whichwill de-
grade the fidelity of quantum manipulations performed using
stimulated-Raman transitions [26]. Figure 4 shows the relative
intensity noise (RIN) spectrum of the IC system when produc-
ing 13± 1mW at 280 nm. The experiment was performed us-
ing a photodiode connected to a fast Fourier transform analyzer,
following the basic procedure described by Obarski and Splett
[27]. The RIN in Figure 4 noise is below -75 dBc/Hz above
10 kHz.
The "three-cornered hat" technique [28] was used to mea-
sure the short-term frequency fluctuations of the IC VECSEL
in the infrared. Beams from the VECSEL, a single-mode fiber
laser, and an external-cavity diode laser were combined and di-
rected onto a single photodiode. The lasers’ frequencies were
set sufficiently close together that time-domain measurements
of the beat-notes of each pair of lasers could be recorded. The
frequency of each laser was stabilized on slow time scales by
locking to Doppler-free iodine spectroscopic features (closed-
loop bandwith < 2Hz), using a variation of the spectroscopic
method described by Snyder et al. [29]. The data were pro-
10-6 10-4 10-2 100
Averaging time (s)
103
104
105
T
h
re
e-
co
rn
er
ed
h
a
t
fr
eq
u
en
cy
d
ev
ia
ti
o
n
(H
z)
Fig. 5. Three-cornered hat frequency deviation (square root
of the frequency variance) comparing the IC VECSEL system
(blue diamonds) with a fiber laser (red stars) and an external-
cavity diode laser (black circles).
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Fig. 6. Doppler-free scan of iodine lines about 560.4050 THz
using the intracavity-doubled VC system.
cessed to give the frequency deviation of each laser at different
averaging times as shown in Figure 5. The VECSEL exhibits a
frequency deviation below 20 kHz over all averaging times. For
laser cooling and repumping experiments, it was necessary to
stabilize the laser frequency to reduce slow drifts (over minute
time scales). This was achieved either by locking the VECSEL to
Doppler-free spectroscopic features of molecular iodine or per-
forming a frequency offset lock [30] to an iodine-locked fiber
laser. For stimulated-Raman transitions, the free running VEC-
SEL frequency was sufficiently stable and active frequency con-
trol was not required.
The intracavity frequency-doubled VECSEL system for pho-
toionization (VC system) is shown in Figure 3. The same gain
chip mechanical mount and thermal management are utilized
as in the IC system. The gain mirror consists of ten GaInAs
quantum wells strain-compensated by GaAsP. The cavity has
a V-geometry formed by the gain mirror, a ROC 100mm fold
mirror and a plane end mirror. The mirrors are coated for
high reflectivity from 1116 nm to 1142 nm and for high trans-
mission at second harmonic wavelengths. A temperature stabi-
lized 3×3×15mm lithium triborate (LBO) crystal, cut for type
I phase matching, is used for intracavity second harmonic gen-
eration. A 1mm-thick YAG etalon and 3mm-thick quartz BRF
inserted at Brewster’s angle are used for wavelength selection.
A PZT is used for fine adjustment of the cavity length. Two sep-
arate 571 nm beams with roughly equal power exit the cavity
through the fold and end mirrors. The laser can generate up to
1.2± 0.1W in each output beam at 571 nm when the gain mir-
ror is cooled to 8 ◦C. The 571 nm light is frequency-doubled to
285 nm using a build-up cavity with a BBO crystal. For reduc-
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Fig. 7. Spectroscopy of the 2S1/2 ↔2P1/2 and 2S1/2 ↔2P3/2
transitions of a single trapped 25Mg+ ion. The zero detuning
points of the transitions from the 2S1/2 to the
2P1/2 and
2P3/2
levels are relative to 1069.34 THz and 1072.08 THz respectively
[33]. The fine structure separation is approximately 2.74 THz.
Each spectrum is independently normalized.
tion of long-term frequency drifts, the VC laser can be locked
to a Doppler-free molecular iodine transition. A scan over the
Doppler-free iodine lines near 525.5040 THz is shown Figure 6.
From the locked error signal, we estimate a root mean squared
(RMS) frequency deviation of 180 kHz over 6 minutes with a
lock-in time constant of 10ms. The short term frequency fluctu-
ations were measured by tuning the laser onto resonance with
a reference cavity (finesse of 250± 10). From the electronic
Hänsch-Couillaud error signal [31] we infer a laser linewidth
of 50± 10 kHz using a detector bandwidth of 470 kHz.
3. ION TRAPPING AND SPECTROSCOPY
In our Mg ion trapping apparatus, a thermal beam of isotopi-
cally enriched 25Mg atoms is produced using an electrically
heated oven. For photoionization, roughly 1mW of laser light
at 285 nm, from the VC system, is coupled into a solarization-
resistant single-mode fiber [32] and focused to a calculated
1/e2 intensity diameter of 26 µm through the trapping region
of a surface-electrode RF Paul trap similar to that used by Os-
pelkaus et. al. [11]. Light at 280 nm for Doppler cooling is also
applied to the trapping region. After allowing the oven to reach
its steady-state operating temperature, we reliably and repeat-
ably load single Mg+ ions into the trap within 10 s.
For spectroscopy of the 2S1/2 ↔
2P3/2 transition, the IC sys-
tem was frequency-offset-locked to a fiber laser stabilized to a
Doppler-free iodine line. UV light from the IC system is fiber
coupled and focused onto the ionwith a 1/e2 intensity diameter
of approximately 24 µm. The frequency of the light is shifted by
adjusting the drive frequency applied to a double-pass acousto-
optical modulator (AOM). At each frequency point, photons
scattered by the trapped ion were collected with a high nu-
merical aperture objective and counted with a photomultiplier
tube (PMT). The experiment was repeated 200 times at each
frequency point. The UV light from the VECSEL was pulsed
on for 25 µs during each experiment so as not to significantly
change the motional state of the ion when the frequency is blue
detuned. Figure 7 shows a scan of the AOM frequency over
the resonance. The linewidth was measured to be 69± 3MHz.
The residual width, above the natural linewidth of 41.8MHz
[33], is likely due to residual Doppler broadening. To demon-
strate laser cooling, the laser was detuned by ∼10MHz to the
red of the line center. The ion could be confined in the trap with
no change in ion lifetime compared to Doppler cooling with a
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Fig. 8. The |↑〉 state population of the first radial motional
mode red and blue sidebands after ground state cooling re-
sulting in 〈n〉 = 0.008 + 0.013− 0.008.
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Fig. 9. Rabi flopping on the |↓〉 ↔ |↑〉 carrier transition for
a ground state cooled 25Mg+ ion. The solid line is a exponen-
tially decaying sinusoid, fitted to the data to give a Rabi fre-
quency of 191.1± 0.1 kHz and a 1/e decay time of 77± 3 µs.
fiber laser system. Decoherence-assisted spectroscopy [33] was
used to perform spectroscopy of the 2S1/2 ↔
2 P1/2 transition.
Figure 7 shows the resulting spectrum. The IC system can be
tuned over the ≃ 2.74 THz fine structure splitting of 25Mg+.
For experiments involving stimulated-Raman transi-
tions, we chose a qubit with an excited electronic state
|↑〉 = |2S1/2, F = 2, MF = 2〉 and a ground electronic state
|↓〉 = |2S1/2, F = 3, MF = 3〉. We use the IC system to perform
resolved sideband cooling [1], cooling one motional mode of a
Doppler cooled trapped ion close to the quantum ground state
of the trap. The frequency difference between the two Raman
beams is set to the red-sideband (RSB) frequency, the |↑〉 ↔ |↓〉
transition frequency minus the frequency of the motional
mode being cooled. A RSB pulse promotes transitions from
|↓,n〉 ↔ |↑,n− 1〉, where n is the quantum number describing
the motional state of the trapped ion [1]. Repumping then
brings the qubit to the ground electronic state |↓,n− 1〉 with
one less motional quantum. This sequence is repeated until
the ion reaches the |↓,n = 0〉 state. If the ion is close to
the ground state, excitation of the ion at the red-sideband
frequency is strongly suppressed, whereas excitation of the
|↓,n〉 ↔ |↑,n + 1〉 blue-sideband (BSB) transition is not. Figure
8 shows frequency scans of the first red and blue sidebands for
a radial motional mode of the trap, after ground-state cooling
using the IC system. Assuming that the motional states have
a thermal distribution after cooling, the average motional
state occupation number 〈n〉 of a given motional mode can be
calculated from the ratio of the heights of the RSB and BSB
peaks for that mode [1]. From the data in Figure 8 we calculate
〈n〉 = 0.008 + 0.013− 0.008 , consistent with this radial mode being in
the motional ground state with high probability. Rabi flopping
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on the |↑,n〉 ↔ |↓,n〉 carrier transition of the qubit, after
ground state cooling, is shown in Figure 9. For this experiment,
we obtain a Rabi frequency of 191.1± 0.1kHz and a 1/e decay
time of 77± 3 µs. The decoherence is due to a combination of
off-resonant photon scattering, magnetic field noise and trap
surface related heating sources.
4. CONCLUSION
We have developed an optically pumped VECSEL system for
generating the wavelengths required for producing, cooling
and manipulating magnesium ions. In the future, by use of
an 1118→ 559 nm frequency doubling stage with a higher opti-
cal damage threshold, our system should be capable of generat-
ing sufficient UV power for achieving fault-tolerant, two-qubit
quantum information gates with stimulated-Raman transitions
[34]. This could be accomplished by intracavity doubling, as
in our VC laser setup, or through a more efficient external dou-
bling step [15]. The power scalability of the VECSEL architec-
ture makes it a promising candidate for systems that require
individual laser addressing of multiple quantum systems. Due
to their large wavelength tuning range, narrow linewidth, and
low intensity noise, VECSELs systems have the potential to sig-
nificantly reduce the complexity and cost of laser systems used
for experiments in atomic and molecular physics.
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